von Willebrand factor (vWF) is a multimeric adhesive glycoprotein essential for normal hemostasis. We have discovered that cultured human umbilical vein endothelial cells incorporate inorganic sulfate into vWF. Following immunoisolation and analysis by polyacrylamide or agarose gel electrophoresis, metabolically labeled vWF was found to have incorporated [36S]-sulfate into all secreted multimer species. The time course of incorporation shows that sulfation occurs late in the biosynthesis of vWF, near the point at which multimerization occurs. Quantitative analysis suggests the presence, on average, of one molecule of sulfate per mature vWF subunit. Virtually all the detectable sulfate is released from the mature vWF subunit by treatment with endoglycosidases that remove asparaginelinked carbohydrates. Sulfated carbohydrate was localized first to the N-terminal half of the mature subunit (amino O N WILLEBRAND factor (vWF)' is an adhesive V glycoprotein produced only by endothelial cells (EC) and megakaryocytes. vWF is present in the plasma, platelets, and subendothelium as an array of high molecular weight (mol wt) multimers, and has two distinct hemostatic functions. First, through its ability to bind to receptors on the platelet membrane and to components of the extracellular matrix, vWF mediates the adhesion of platelets to the subendothelium at sites of vascular injury, thus initiating hemostatic plug formation. Secondly, vWF serves as a carrier protein for clotting factor VIIIC, stabilizing and prolonging its half-life in the circulation. The largest vWF multimers are the most effective in performing the intrinsic hemostatic functions, while all size classes of multimers bind factor VIIIC. Deficiencies in the amount of vWF or abnormalities in its functioning result in a form of the prevalent inherited bleeding disorder, von Willebrand disease (vWD). '.' In EC, vWF is synthesized as an ~3 5 0 -K d pre-proprotein. Pairs of pro-vWF molecules that have undergone initial N-linked glycosylation are joined by disulfide bonds within their C-terminal regions to form pro-vWF dimers, a acids 1 through 1,365) by partial proteolytic digestion with protease V8; and subsequently to a smaller fragment within this region (amino acids 273 through 511) by sequential digestions with protease V8 and trypsin. Thus, the carbohydrate at asparagine 384 and/or 468 appears to be the site of sulfate modification. Sodium chlorate, an inhibitor of adenosine triphosphate-sulfurylase, blocks sulfation of vWF without affecting either the ability of vWF to assemble into high molecular weight multimers or the ability of vWF multimers to enter Weible-Palade bodies. The stability of vWF multimers in the presence of an endothelial cell monolayer also was unaffected by the sulfation state. Additionally, we have found that the cleaved propeptide of vWF is sulfated on asparagine-linked carbohydrate. stable intracellular species.334 Pro-vWF dimers subsequently undergo a number of posttranslational processing steps, including further glycosylation, assembly into high mol wt multimers composed of up to 50 individual vWF subunits, and cleavage of the pro-peptide~.~.~ In cultured human umbilical vein EC, most newly synthesized vWF is secreted by a constitutive pathway. The remainder is stored within granules specific to endothelial cells, the Weible-Palade bodies, from which it is secreted in response to an appropriate stimulus.6-8 Noncovalently bound dimers of vWF propeptide are released from EC by both the constitutive and regulated pathways, along with vWF mu1timers.g-I' EC culture medium (and cell lysate, to a lesser extent) also contain a minor vWF species referred to as the "large" subunit, which is of higher molecular weight than pro-vWF and appears to arise from alternative posttranslational modification of provWF.~." Each major multimer species including the dimer has satellites, or associated minor bands, some of which vary in intensity in the various subtypes of type I1 vWD. Satellites produced by EC are composed of both mature and large vWF subunits" and migrate behind the major species, while those in plasma probably contain partially proteolyzed vWF subunits and migrate ahead of the major specie^.'^.'^ vWF is a highly glycosylated protein. Each mature vWF subunit, of 2,050 amino acids and approximately 250 Kd, is glycosylated at 12 N-linked sites and 10 0-linked sites." The glycosylation sites of the mature subunit are primarily clustered near the termini, as are binding sites for heparin, collagen type I, platelet glycoprotein (GP) Ib, factor VIIIC (N-termin~s),'~.'~ and platelet G P IIb, IIIa (C-terminus)." The termini of the vWF mature subunit also are structurally important, being involved in multimerization and dimerization, respectively."
We report here that vWF is posttranslationally sulfated on asparagine-linked carbohydrate chains. The cleaved propeptide of vWF also is modified by a sulfated carbohydrate a t one or more of its potential N-linked glycosylation sites." Each mature vWF subunit is apparently modified by a single sulfate moiety, which has been localized to a proteolytic fragment containing two asparagine-linked carbohydrates, as well as the mapped binding sites for heparin, collagen type 
MATERIALS AND METHODS
Radioisotopes were purchased from Du-Pont New England Nuclear (Boston, MA), Sodium chlorate was obtained from Aldrich Chemical Co (Milwaukee, WI); all other chemical reagents were from Sigma Chemical Co (St Louis, MO). Endo-B-N-acetylglucosaminidase F (Endo F), peptide N:glycosidase F (PNGase F), and endoprotease V8 were products of Boehringer-Mannheim Biochemicals (Indianapolis, IN). Materials for agarose gel electrophoresis were obtained from FMC Corp (Rockland, ME), while those for polyacrylamide gel electrophoresis were from Bio-Rad Corp (Richmond, CA). Media for metabolic labeling experiments were prepared from the GIBCO (Grand Island, NY) Select-Amine Kit; growth media and serum were also obtained from GIBCO.
Normal human EC isolated from umbilical veins were a gift of Dr M. Gimbrone (Brigham and Women's Hospital, Boston, MA). Cells were grown on fibronectin-coated dishes in Medium 199 supplemented with 20% newborn calf serum and 150 pg/mL of EC growth factor" at 37OC in a 95% air/% CO, atmosphere. Cells were metabolically labeled in serum-free medium containing 5 mg/mL bovine serum albumin (BSA), prepared either to contain or lack sulfate and/or particular amino acids, with various radioisotopes at the specific activities reported. Conditioned media and cell lysates were collected and antigens were immunoprecipitated with a rabbit polyclonal antivWF antibody, unless otherwise noted. Monoclonal antibodies (MoAbs) directed against the propeptide of vWF were provided by Dr R. Montgomery (Milwaukee, WI). MoAb RG-46, which is directed against an epitope between residues 474 and 488 of the mature vWF subunit," was a gift of Drs T.S. Zimmerman and Z.M. Ruggeri (La Jolla, CA).
Gel electrophoresis. Immunoprecipitated samples were subjected to either sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or SDS-agarose gel electrophoresis, which were performed as previously described! SDS-PAGE were routinely treated with 1 mol/L sodium salicylate before fl~orography.~~ Radiolabeled, immunoisolated vWF and its propeptide were treated with 0.5 U Endo F/0.125 U PNGase F in 100 mmol/L sodium phosphate buffer pH 6.1 containing 10 mmol/L EDTA and 0.5% Non-Idet P-40, at 37OC for 27 hours, or under the conditions noted. Reactions were quenched by boiling in an equal volume of sample buffer for denaturing SDS-PAGE. Digestion of vWF by protease V8 was performed by combining equal volumes of conditioned medium and 50 mmol/L Tris buffer pH 7.5 containing 150 mmol/L NaCI, and enzyme at 37OC with concentrations and times as noted. Protease V8 reactions were terminated by the addition of phenyl-methyl-sulfonyl-fluoride to a final concentration of 1.2 mmol/L; vWF was then immunoisolated in the usual manner. from the gel and counted for the presence of the appropriate isotope(s) in a Beckman (Fullerton, CA) LS-2800 scintillation counter. From the known specific activities of the leucine and sulfate, the number of leucine residues in mature vWF and propeptide, and the assumption that the incorporation of the radiolabeled components in the protein and the medium had reached equilibrium over the labeling period, the amounts of protein in each band and of inorganic sulfate bound to the protein were calculated.
RESULTS
Sulfation of vWF subunit species. When animal cells are cultured in medium containing [35S]-sulfate, they synthesize an array of radiolabeled proteins which are detectable by standard techniques. Because these cells do not possess the biosynthetic capacity to incorporate inorganic sulfate into individual, unpolymerized sulfur-containing amino acids:' the covalently attached sulfate must be present as a posttranslational modification. Human EC were incubated in the presence of [3'S]-sulfate, and the various vWF species were immunoisolated from the postculture medium and cell lysates with monospecific, polyclonal antibodies to mature vWF. The result obtained from electrophoresis of this material under reducing conditions is shown in Fig 1A. Comparison among the vWF species derived from culture medium of methionine-labeled and those from culture medium of sulfate-labeled cultures showed that the large and mature vWF subunit species contained covalently attached sulfate, while pro-vWF did not. A similar experiment using MoAbs to the propeptide of vWF showed that this protein was also sulfated (Fig 1B) . Furthermore, as seen in Fig lC, all vWF multimers in culture medium and in cell lysates (except the pro-vWF dimer), and all satellites, contained subunits with incorporated sulfate.
When the time course of labeling vWF a t 37OC with either ["SI-methionine or [3'S]-sulfate was examined, vWF species bearing each label could be detected within 15 minutes of the start of labeling. Methionine was first incorporated into the primary translation product, pro-vWF (Fig 2A) , while the sulfate was first incorporated into the large and mature vWF subunits ( Fig 2B) . Additionally, secretion of sulfated vWF into the culture medium could be detected very soon after labeling commenced, while secretion of methionine-labeled vWF required a more extensive period of time. Finally, [35S]-sulfate was incorporated into vWF multimers even a t 15 minutes after addition of label, while [35S]-methionine did not appear in multimers until more than 60 minutes had elapsed3 (our data not shown). These data show that sulfation of vWF is a posttranslational event that occurs concomitantly with multimerization and shortly before secretion.
The temporal juxtaposition of sulfation to multimerization, cleavage, and constitutive secretion of v W F suggests that this modification might prove a useful tool in the precise ordering of these molecular events. The large and mature subunits appeared to be equally labeled a t 15 minutes of exposure to [35S]-sulfate a t 37OC, while at later times the mature subunit became the predominant labeled species, suggesting the conversion of sulfated large vWF to mature vWF species. It has been surmised that the large vWF subunit is derived from pro-vWF following unknown post- translational modification(s), but before cleavage of the propeptide.' Our data suggest that sulfation occurs subsequent to the posttranslational modifications responsible for the change in migration rate between the pro-vWF and large vWF subunits, but precedes propeptide cleavage. Also, the presence of unsulfated large subunit (data not shown) was noted in some preparations from cells treated with chlorate, an inhibitor of sulfation (vide infra). This further indicates that sulfation cannot be the modification responsible for conversion of pro-vWF to the large vWF subunit.
Whether sulfation is a common posttranslational modification of vWF, or whether only a fraction of the vWF molecules synthesized are likely to undergo sulfation, was addressed by quantitation experi-
Quantitation of surfate adducts.
For (Table 1) showed that each mature subunit of vWF is modified by one molecule of sulfate, on average. These data thus suggest a single site of sulfation that is modified on every subunit of mature vWF, but cannot eliminate the possibility that some vWF molecules are unsulfated while others are multiply sulfated. In contrast, the data indicate that, on average, only one third of the propeptide molecules in the population synthesized by EC are sulfated. Sulfation may take place on tyrosine residues, or on carbohydrate, in a GP such as vWF. An initial discrimination between tyrosinelinked sulfation and carbohydrate-linked sulfation may be made by testing the stability of the modification to heating in mild acid and mild base.26 When polyacrylamide gels containing both methionine-labeled and sulfate-labeled vWF were Chemical nature of the sulfation modifcation. treated in parallel with acid and base in this manner and compared with untreated gels (data not shown), the sulfate modification of vWF seemed relatively resistant to these conditions. This observation suggested that vWF contained sulfate attached to asparagine-linked carbohydrate.
This inference was tested directly by incubating vWF and propeptide with endoglycosidases that specifically release For personal use only. on September 14, 2017. by guest www.bloodjournal.org From asparagine-linked carbohydrates. Endoglycosidase F catalyzes hydrolysis of the glycosidic bond of the N,Ndiacetylchitobiose core of "high mannose" and many "complex" carbohydrate chains attached to asparagine residues in glycopeptides or GPs.*' PNGase F, also present in the enzyme preparation used for these experiments, cleaves the glycosidic bond between any nonterminal asparagine residue and the initial N-acetylglucosamine of all N-linked core carbohydrate^.*^.*^ The treatment of methionine-labeled VW F (Fig 3A, lanes 1 and 2 from left) and propeptide (Fig 3B,  lanes 1 and 2 from left) from EC culture medium with these enzymes caused these proteins to migrate more rapidly on denaturing PAGE than did their untreated counterparts, suggesting that their mol wts were decreased by removal of (Figs 3A and B, lanes 3 and 4  from left) . Each band in the vWF multimer array resolved by agarose gel electrophoresis also migrated more rapidly following treatment than did its fully glycosylated counterpart" (our data not shown). These data appear to rule out the possibility that the endoglycosidase preparation contained a protease contaminant responsible for removal of sulfate adducts, and, incidentally, confirm the observation by Federici et aI3' that N-linked carbohydrates are not necessary for the maintenance of high mol wt vWF multimers.
There are 12 sites of asparagine-linked glycosylation in the mature vWF protein, and these are clustered near the amino-and carboxyltermini of the molecule." Localization of the sulfated carbohydrate(s) was investigated following limited proteolytic
Localization of vWF surfate adductfs).
116 kDa a4 kDa For personal use only. on September 14, 2017. by guest www.bloodjournal.org From digestion of vWF with Staphylococcus aureus protease V8. This enzyme cleaves native vWF predominantly between residues Glu1365 and Glu1366 with a secondary cleavage site between residues Glu910 and Gly911. Thus, digestion of multimeric vWF with protease V8 will produce two major products, disulfide-bonded homodimers of residues 1 through 1,365 and of 1,366 through 2,050, with apparent electrophoretic mobilities of 340 and 220 Kd, re~pectively.~' On reduction, the 340-Kd species is resolved to a vWF N-terminal fragment of mol wt 170,000, while the 220-Kd species is resolved to a C-terminal fragment of mol wt 110,000. When sulfate-labeled vWF was digested with protease V8, only the N-terminal mol wt 170,000 fragment could be observed on PAGE run under denaturing conditions (Fig 4A) . This result implies that N-linked sulfation occurs primarily or exclusively on one or more of the five N-linked glycosylation sites present within this fragment, at asparagine residues 94,384, 468,752, and 81 1 of the mature subunit.
To further define the sulfated region of the mature v W F subunit, proteolytic digestions with both protease V8 and trypsin were performed. The resulting fragments of the mature subunit that are expected on denaturing PAGE include one of approximate mol wt 32,000, composed of residues Ala20-Lys263; and one of approximate mol wt 44,000, composed of residues Lys273-Arg5 1 1 .32 Thus, the former fragment will carry the carbohydrate attached to Asn94, while the latter will carry the carbohydrates attached to Asn384 and Asn468. When such digestions are performed, only one sulfated band, of mol wt approximately 44,000 under reducing conditions (Fig 4B, lane 3) , is obtained by immunoisolation with polyclonal antiserum to vWF. Furthermore, (Fig 4B, lane 2) this sulfate-labeled fragment is immunoisolated by an MoAb (RG-46) that recognizes an epitope between amino acid residues Cys47&-Pro488,-" and, therefore, could only have recognized the Lys273-Arg5 1 1 fragment. Because one sulfate is expected per vWF mature subunit, we conclude that the carbohydrate at As11384 and/or Asn468 is the site of sulfation.
Inhibition of sulfation by sodium chlorate. To begin an analysis of the effect of sulfate on vWF structure and function, we prepared vWF from human EC labeled in the presence of sodium chlorate. This compound inhibits sulfateadenyltransferase, thus blocking the first step in the biosynthesis of 3'-phosphoadenosine 5'-phosphosulfate, the sulfate donor for all posttranslational sulfation reaction^.'^ A 1-hour preincubation and labeling in medium containing 10 or 20 mmol/L sodium chlorate prevents detectible sulfation of both vWF and propeptide (Fig 5) . At these concentrations, chlorate appears nontoxic for periods 2 3 0 hours. No effect of chlorate treatment on the amount of vWF synthesized or its 10) . were incubated at 37°C for 15 minutes in the presence of increasing concentrations of protease V8. Following digestion. the resulting fragments were immunoprecipitated with a polyclonal antibody to mature vWF, then electrophoresed through an 8% SDS-PAGE under reducing conditions, which were enhanced with salicylate before fluorography. The amounts of protease V8 used were: none (lanes 1 and 10): 0.2 U (lanes 2 and 9): 0.5 U (lanes 3 and 8): 1 U (lanes 4 and 7): and 3.3 U (lanes 5 and 6) . The markers at the right designate the positions of (from top to bottom) the mature vWF, 170-Kd fragment, and 11 0-Kd fragment. The exposure time for cysteine-labeled samples was 6 hours, while that of sulfate-labeled samples was 25 days. (81 Aliquots of conditioned media from EC labeled for 16 hours with [35S]-sulfate (1 mCi/mL) were treated with no enzyme (lane 11, or protease V8 plus trypsin (lanes 2 and 3) . The material applied to lanes 1 and 3 was immunoisolated with a polyclonal antiserum to vWF, while that of lane 2 was immunoisolated with a MoAb (RG-46) that recognizes an epitope between amino acids 474 and 488 of the mature vWF subunit. The fragments were electrophoresed through a 10% polyacrylamide gel under reducing conditions, and enhanced before fluorography. The exposure period was 18 days for lane 1, and 83 days for lanes 2 and 3. Markers at the right indicate the positions of (from top to bottom) protein standards of mol wt 180,116.84,58,48.5,36.5, and 26.6 Kd.
For multimer distribution is evident (for example, see Fig 6) . Unsulfated vWF also can be stored in Weible-Palade bodies, and can be secreted from them by treatment of the EC with phorbol-12-myristate-13-acetate (data not shown).
We have also addressed whether carbohydrate sulfation affects the stability of vWF. Because the carbohydrate contributes to the stability of vWF multimers during treatment with plasmin:' sulfation of the carbohydrate might modulate its ability to do so. Therefore, the relative stability of radiolabeled sulfated or unsulfated vWF multimers to incubation with unlabeled EC monolayers for periods up to 70 hours was assessed (Fig 6) . Under these conditions, similar to the conditions under which multimers from type IIA EC underwent extensive proteolytic degradati~n,'~ no difference between the multimer patterns of sulfated and unsulfated vWF multimers was detected.
DISCUSSION
Posttranslational sulfation is now recognized as a widespread modification of proteins, especially of those proteins that are ultimately secreted from cells.34 In particular, it has been shown3s that EC secrete a number of unidentified proteins in which sulfate residues appear to be attached to asparagine-linked carbohydrates. We have shown here that mature vWF and its propeptide are two such proteins. The significance of carbohydrate sulfation to GP function in general is poorly understood, because in many cases the consequences of glycosylation itself are not known. It has been proposed that carbohydrates might be involved in the modification of GP biosynthesis, viscosity, conformation, activity, adhesion, or targeting. Additionally, the regulation of cellular uptake of GPs, or prevention of proteolysis, might be influenced by the presence of carbohydrate^.^^ A secondary modification, such as the sulfation of carbohydrate, might modulate any of these potential mechanisms.
Our results show that the mature subunit of vWF is modified by a single sulfate residue (on average), and that sulfation is confined to the carbohydrate chain(s) at asparagines 384 and/or 468. The presence of sulfate on all, or a large proportion of, the mature vWF subunits synthesized by EC implies that this modification might be significant to one of the many biologic properties of vWF. The time course experiments shown here suggest that both the mature vWF subunit and its propeptide are sulfated subsequent to the conversion of pro-vWF to the large vWF subunit, but before proteolytic cleavage of the propeptide. Therefore, sulfation occurs just before two processes that are of great significance to the biologic functioning of vWF: multimerization, and sorting of multimers to organelles for immediate constitutive secretion or for storage within the EC. The site of attachment of sulfated carbohydrate to the mature subunit was localized to one of two asparagine residues in the Lys273-Arg511 region, a region that may be involved in multimerization. However, the multimerization process appeared unaffected by suppression of sulfation through culturing EC in the presence of sodium chlorate. The association of sulfation with extracellular proteins has led to the suggestion that sulfation, especially tyrosine sulfation, might be involved in the process of protein ~ecretion.~'.~~ However, the vWF multimers released from chlorate-treated EC appeared identical in amount and kind to those released from untreated cells. Thus, the lack of sulfated carbohydrate apparently does not influence the extent of vWF synthesis, or the sorting and secretion of vWF multimers by the constitutive route. It has been proposed that carbohydrate modifications might influence the sorting of GPs to intracellular storage granules. For example, the differential terminal modifications of N-linked For personal use only. on September 14, 2017. by guest www.bloodjournal.org From represent vWF isolated after the incubation with monolayers. A portion of the sample to be loaded in lane 4 was inadvertently lost before loading. Densitometric scanning of the multimer patterns indicated that the multimers were generally stable during the prolonged incubation with EC, and that there was no increased proteolytic sensitivity of the unsulfated multimers relative to sulfated multimers. The exposure period was 7 days.
Not incubated
Incubated 44 hr with monolayer with monolayer * * 1 carbohydrate (sulfation or sialation) on the common a subunits of the G P hormones, leutropin and follitropin, might act as sorting signals that route these hormones, which are synthesized by the same cell type within the pituitary, to storage within distinct granule types3' In an analogous modification, lysosomal enzymes are phosphorylated on asparagine-linked carbohydrates, and it has been shown that inhibition of phosphorylation prevents the sorting of these enzymes to lysosomes, resulting in their constitutive ~ecretion.~' However, sulfation of asparagine-linked carbohydrates did not seem to affect the sorting of vWF to its storage organelle in the endothelial cell, the Weible-Palade body. Another property often attributed to carbohydrate is protection of GPs from proteolytic degradation, and, indeed, it has been shown that the removal of carbohydrate from wild-type vWF renders high mol wt multimers particularly sensitive to digestion with pla~min.'~ Therefore, we investigated the effect of carbohydrate sulfation on vWF stability in the presence of an EC monolayer. Multimers of vWF from 2 3 4 several patients with type IIA vWD have been found to undergo proteolysis in these circumstance^.'^ However, increased proteolytic susceptibility of unsulfated vWF relative to sulfated vWF under these conditions was not detected, suggesting that lack of sulfation does not render vWF as susceptible to proteolysis as the vWF from patients with type IIA vWD.
There is evidence to suggest that carbohydrate sulfation might generally affect the adhesive properties of macromolecules. For instance, partial desulfation of fibronectin (a G P that is normally sulfated both on tyrosine residues and on carbohydrates) by treatment with arylsulfatases, affects the extent4,0f its binding to collagen, heparin, and especially fibrin. In vWF, the distribution of sulfated asparaginelinked carbohydrate is within or near the region responsible for adhesion to platelet membrane G P Ib, to collagen type I, and to heparin. We are currently examining whether there is any contribution of carbohydrate sulfation to the adhesive properties of vWF.
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From
